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ABSTRACT 
Headwater streams constitute the majority of stream length of river systems, and have 
important roles in terms of landscape processes and as habitat for organisms.  These bodies of 
water are also tightly coupled with the local terrestrial landscape, making them ideal for studying 
linkages between land use and stream condition.  Despite the ubiquity and importance of these 
streams, they are often overlooked and damaged.  Previous research has shown that both urban 
and agricultural land use negatively impact stream condition, and that the magnitude of 
anthropogenic effects is generally greater in urban landscapes.  Understanding of agricultural and 
urban land use impacts on streams depends on identifying cause and effect linkages between 
human system (demographic) features, terrestrial landscape features, and biophysical 
characteristics of streams.  Using correlation analysis, path analysis, and non-metric 
multidimensional scaling, I simultaneously investigated these relationships in 29 central Iowa 
watersheds that collectively represented a strong urban-rural gradient.  These analyses enabled 
me to quantify the impact of human land use on headwater streams, and identify direct and 
indirect mechanisms for human impacts on benthic macroinvertebrate communities.  Aquatic 
macroinvertebrates were a primary focus of this study because they have well-established utility 
as indicators of stream condition due to their diverse environmental requirements, and 
importance in food webs.  Results suggested that urban land use had a greater negative impact 
than agricultural land use on stream condition, as indicated by spatial variation in total 
invertebrate taxon richness and the percentage of the total number of invertebrates that were 
mayflies (Ephemeroptera), stoneflies (Plecoptera), and caddisflies (Trichoptera).  Urban impacts 
appeared to be caused by pollutants delivered to streams by impervious surfaces, while 
agricultural effects were the result of nitrogen enrichment from croplands.  Regardless of land 
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use, watershed area had a positive impact on the invertebrate community through its effects on 
stream discharge.  Similarly, the effect of coarse substrate on the invertebrate community was 
also positive regardless of watershed land use.  My study therefore provided valuable insight into 
the direct and indirect effects of social and biophysical factors impacting headwater streams 
affected by urban and rural land uses in central Iowa. 
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INTRODUCTION 
Headwater streams are the points of origin of all stream and river systems, and provide 
important roles in terms of landscape processes and as habitat for diverse organisms (Meyer et al. 
2007).  Consequently, conditions in these streams integrate and reflect local effects of land use 
and other human activities on ecosystem health (Richardson and Danehy 2007; Clarke et al. 
2008).  Because of their strong ecological linkages with the surrounding terrestrial landscape, 
and their relatively small size, headwater streams are particularly susceptible to water and habitat 
degradation from human land use (Meyer et al. 2007; Smith and Lamp 2008).  This is important 
because headwater streams constitute nearly 75% of the total stream length in the United States, 
and they affect the condition of the entire remaining stream network below them (Meyer and 
Wallace 2001; Freeman et al. 2007; Smith and Lamp 2008).  Headwater streams also provide 
essential habitat for a variety of species, which often includes organisms that are rare and unique 
to these waterways (Meyer et al. 2007; Richardson and Danehy 2007; Smith and Lamp 2008; 
Finn et al. 2011).  Despite their ecological significance, the value of headwater streams is largely 
unrecognized, and they are often overlooked due to their small size and omission from maps and 
conservation programs (Meyer and Wallace 2001).  Consequently, headwater streams are 
frequently channelized or completely destroyed (Meyer and Wallace 2001).  For instance, 
Elmore and Kaushal (2008) reported burial of 20% of streams in urban areas surrounding 
Baltimore City, and 66% of streams within the city itself. 
Iowa is one of the most intensively managed landscapes in the world, and has 
experienced a loss of over 1,600 km of streams due to channelization (Bulkley 1975; Burkart 
2010).  Remaining streams are embedded in a landscape where over 90% of land is used for 
agriculture; a percentage which is expected to increase in the future due to biofuel demands and 
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food needs for an increasing global population (Secchi et al. 2008; Herringshaw et al. 2011).  In 
addition to agricultural intensification, Iowa has followed a nationwide trend of urbanization, 
which has led to more than 75% of the human population of the United States living in 
metropolitan areas (Morley and Karr 2002).  From 2000 to 2010, 66 of Iowa’s 99 counties 
declined in population, whereas areas near urban centers such as Cedar Rapids, Iowa City, and 
Des Moines experienced growth (Mackun et al. 2011).  Much urban development proceeds at the 
expense of agricultural land, with an average net loss of cropland of nearly 20% reported for four 
major Iowa cities from 1992 to 2002 (Bowman et al. 2012).  With this intense agricultural 
activity, and increasing urbanization, Iowa is an ideal environment for studying direct and 
indirect effects of land use on stream condition. 
Impacts of agricultural land use on stream condition are well reported, with documented 
effects on habitat, water quality, hydrology, and biological assemblages (Allan 2004; Wang et al. 
2007).  Tiling, floodplain alteration, channelization, irrigation, removal of natural riparian 
vegetation, and fertilizer and pesticide inputs are just a few of the practices that have resulted in 
streams with altered hydrology and higher levels of sediments, synthetic chemicals, and nutrients 
(Allan 2004; Bernot et al. 2006; Houghton et al. 2011).  These effects of agriculture have been 
linked to negative changes in aquatic invertebrate community composition, such as decreases in 
abundance of taxa particularly intolerant of water and habitat quality degradation (Riseng et al. 
2011). 
Despite the detrimental effects of agricultural land use, studies indicate that the impacts 
of urbanization may be significantly larger, with lower macroinvertebrate abundance and overall 
taxa richness, community shifts towards dominance by pollution tolerant taxa, disruptions in 
nutrient cycles and energy flow pathways, and increases in extreme hydrologic events (Walsh et 
3 
 
al. 2001; Morse et al. 2002; Stepenuck et al. 2002; Alberti et al. 2007; Herringshaw et al. 2011).  
While a number of factors associated with urbanization are likely contributing to these effects, 
increased impervious surface area within the catchment has consistently been shown to be 
strongly linked to stream condition (Allan 2004).  In summarizing results from numerous studies, 
Paul and Meyer (2001) reported negative impacts on stream condition in watersheds with 10-
20% impervious surface cover.  More recent research has revealed that the threshold for 
impacting stream condition may be considerably lower than that (Coles et al. 2010; Fitzgerald et 
al. 2012). 
Differentiating the effects of urban and rural land use on stream condition, and 
understanding the mechanisms behind those changes is essential to effective protection and 
restoration of streams.  This is of particular importance for states such as Iowa, where 75% of 
monitored river and stream segments are listed as impaired, or potentially impaired (IDNR 
2011).  These impaired streams may suffer from eutrophication, decreased abundance and 
diversity of aquatic organisms, and contain water that is unfit for humans to drink without costly 
treatment (Lucey and Goolsby 1992; IDNR 2011).  Iowa streams laden with nutrients are also 
affecting the entire stream network below them, and are contributing to hypoxic conditions found 
in the expansive “Dead Zone” in the Gulf of Mexico (Freeman et al. 2007; Turner et al. 2008). 
In order to determine the effects of land use on stream condition, quantifiable indicators 
of that condition are required.  Biotic indicators, such as aquatic macroinvertebrates, are affected 
by a myriad of factors, including stream and landscape characteristics (Barbour et al. 1999; Paul 
and Meyer 2001; Allan 2004).  The wide variety of mechanisms macroinvertebrates employ to 
acquire food also leads to diverse, important trophic relationships within food webs (Wallace and 
Webster 1996; Nijboer and Verdonschot 2004).  Finally, across taxa, considerable variability in 
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tolerance to stressors exists (Carlisle and Clements 1999).  As a result, using invertebrates as 
indicators of stream condition has well-established utility (Quinn and Hickey 1990; Carlisle and 
Clements 1999; Bonada et al. 2006). 
Effects of land use on aquatic invertebrates are dependent upon numerous intermediary 
hydrological, chemical, and physical factors, creating a vast number of potential relationships 
between these variables.  Additionally, each variable is likely to be directly or indirectly affected 
by humans in some way.  In order to examine these relationships, I employed a form of structural 
equation modeling known as path analysis.  Path analysis utilizes causal models, which represent 
a network of theorized relationships between variables (Cohen et al. 2003).  Interlocking 
multiple regression analyses are then performed, yielding standardized regression coefficients 
(path coefficients), that estimate direct causal effects (Cohen et al. 2003).  In instances where 
intervening variables are present, path coefficients can be used to calculate indirect and total 
effects of one variable on another (Bollen 1989; Cohen et al. 2003).  This statistical technique 
allows for comparison of the relative strength of pathways within and between models. 
The objective of my study was to quantify linkages between human, terrestrial, and 
headwater stream systems in 29 central Iowa watersheds.  Specifically, I wanted to determine: 
(1) To what extent are these headwater streams being impacted by humans? (2) What causal 
pathways between human, terrestrial, and stream systems, resulted in the greatest impact on the 
benthic macroinvertebrate communities in these bodies of water? (3) How do these causal 
pathways vary across an urban-rural gradient?  To answer these questions, I developed a 
conceptual model of predicted causal relationships among stream and watershed features, and 
then constructed and tested path models using path analysis. 
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METHODS 
Study Sites 
Study sites consisted of first and second order streams (n = 29), with order determined 
using Strahler’s (1957) method.  These headwater streams were located in central Iowa (range of 
geographic coordinates = N41° 44’36”- N41° 20’46” and W93° 43’57”- W93° 24’39”) within 
the North Raccoon, Middle Des Moines, and Lake Red Rock sub-watersheds (HUC 8-digit 
watersheds) of the Upper Mississippi River watershed (Fig. 1).  All study sites were located 
within the Des Moines Lobe and Southern Iowa Drift Plain landform regions, characterized by 
Pre-Illinoian loamy till and clay loam till, Wisconsin outwash sand and loamy till end moraines, 
and Holocene and Late Wisconsin alluvium (Hallberg et al. 1994).  The study region is classified 
as Dfa according to the Köppen-Geiger climate classification, typified by a cold winter, hot 
summer, and no dry season (Peel et al. 2007).  Mean annual air temperature is 10˚C, and mean 
annual precipitation is 86 cm (1951-2011; Mesonet 2013). 
Streams included in this study were selected to form an urban-rural gradient across study 
sites based on percent of watershed land cover consisting of impervious surface (percent IS), 
which is a widely used predictor of urban land use impact (McMahon and Cuffney 2000; Paul 
and Meyer 2001).  Watersheds ranged in area from 4 to 1,138 ha, and % IS ranged from 0 to 
43%.  Based on 2011 sampling, study sites were a mixture of perennial and ephemeral streams, 
and in cases where stream beds became dry, this generally occurred in late summer or early 
autumn. 
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Data Collection 
Human system.  Within each watershed, human system data were collected for three variables, 
including population density, educational attainment, and home value.  Census 2010 block-level 
population (US Census 2011) data and ArcMap 10.0 (ESRI, Redlands, CA) were used to 
estimate population density in study watersheds.  Tract-level data from the American 
Community Survey (US Census 2012) were used to determine educational attainment of 
residents within study watersheds.  Each resident between the age of 25 and 64 years old was 
placed into one of four educational attainment categories based on the highest level of education 
obtained: did not graduate high school, high school graduate, some college or Associate’s 
Degree, and Bachelor’s Degree or higher.  Educational attainment was recorded using data for 
the time period of 2006-2010, and was expressed as percentage of residents within each 
educational attainment category.  Values for each single family home were obtained from the 
Polk and Warren County Assessor’s offices (2011 data), and used to calculate mean home value 
within each watershed.  In watersheds containing fewer than five homes, dwellings within 
properties that overlapped the watershed boundary were included in calculating mean home 
value.  If this procedure still resulted in fewer than five homes for the watershed, homes closest 
to the watershed boundary were included, up to five total homes, to calculate mean home value.  
The maximum distance from the watershed boundary of any home included in calculating 
watershed home value was 0.78 km. 
 
Watershed area and terrestrial landscape. Watershed area and land cover, including percent IS, 
were quantified for the entire area upstream of each instream sampling location.  Watersheds 
were delineated using a 3-m resolution digital elevation model from the Iowa Geological and 
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Water Survey Bureau (IGWS 2010) within ArcSWAT 2.3.4.  ArcGIS 10.0 was used to calculate 
watershed area, and land cover at the watershed scale as well as the riparian scale (area 
extending 30 m from either side of the stream channel; Harding et al. 1998; Moore and Palmer 
2005).  Land cover was quantified using data from the National Land Cover Database 2006 
(NLCD; Fry et al. 2011).  The NLCD utilizes 30-m resolution imagery and 16 categories of land 
cover, which were then reduced to six categories for my analysis (based on Strayer et al. 2003; 
Table 1).  Additionally, percent IS for each watershed was determined using 2011 aerial photos 
with 1-m resolution from the National Agriculture Imagery Program (NAIP), which were 
downloaded from the Natural Resources Geographic Information Systems website (IDNR 2013). 
 
Water chemistry and hydrology. Stream water chemistry and discharge measurements were 
conducted near the outlet of each stream, and were done on average once every 11 days, from 
May 16 to July 5, 2011.  In general, five unique sampling events occurred per stream, and the 
mean value for each variable was used in statistical analysis.  Only four sampling events 
occurred at one site in Des Moines due to an extreme high water event on one date, and only 
three samples were collected at one site in Ankeny because a property owner did not grant access 
to the study site until after sampling began. 
During each sampling event, grab samples were collected for laboratory analyses of total 
suspended solids (TSS), and water-column concentrations of total nitrogen (TN), and total 
phosphorus (TP).  Acid-washed 50-mL bottles, each containing one drop of concentrated sulfuric 
acid, were used to collect water samples for analysis of TN.  Samples for measuring TSS and TP 
were collected in 500-mL bottles.  All samples were stored on ice during transport to Iowa State 
University, where they were analyzed.  Sample collection and analysis were conducted using 
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standard methods for TN, TP (353.2 for nitrogen; 365.1 and 365.3 for phosphorus; USEPA 1978, 
1993a, b), and TSS (APHA 2005). 
Measurements of dissolved oxygen, pH, water temperature, conductivity, and turbidity 
were also taken from the water column on each sampling date.  Conductivity, dissolved oxygen, 
pH, and water temperature were determined using a Hach HQ40d multi-parameter meter, while 
turbidity was measured with Hach 2100Q and Oakton T-100 turbidimeters.  Flow measurements 
were done concurrently with water chemistry sampling to determine discharge (Rantz 1982).  
Stream width was measured, and then the channel was divided into three to five equal-sized 
cells.  Stream depth was then measured in the middle of each cell, and flow measured at 0.6 
times that depth.  All measurements were done using a Marsh-McBirney Flo-Mate 2000 velocity 
flow meter.  Each stream contained flowing water for the entire duration of my study, but 
continued monitoring after the study period (one site visit every two weeks until October 16, 
2011; n = 16) revealed that 16 streams became dry for some period of time between July and 
October.  I was unable to accurately determine durations of dry periods, but the number of site 
visits in which a stream was observed to be dry was recorded to provide an index of differences 
in hydroperiod among streams. 
 
Stream habitat and macroinvertebrates.  Macroinvertebrate (invertebrate) sampling occurred 
between June 23 and July 5, 2011 in a 30-m segment of each stream (Moore and Palmer 2005; 
Fitzgerald et al. 2012).  Segments originated within 36 m upstream or downstream of water 
chemistry and hydrologic measurement locations.  Within each stream, five 0.09-m
2
 plots were 
randomly selected from mid-channel locations, and invertebrate sampling and associated habitat 
measurements occurred within each plot (Herringshaw et al. 2011).  At each plot location, 
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overhead canopy cover was determined using a spherical densiometer.  A streambed habitat 
assessment was then conducted by visually quantifying percent of streambed within each plot 
that was covered by organic matter (leaf litter and wood), fine inorganic substrate (particles ≤ 2 
mm diameter; silt/clay, sand, hardpan), and coarse inorganic substrate (particles > 2 mm 
diameter; gravel, cobble, boulder, bedrock).  Percent cover of organic and inorganic material 
recorded in each plot summed to 100%.  
Following visual assessment of streambed habitat, invertebrates and associated substrate 
were collected from each plot.  A D-frame net (500-µm mesh) with attached sampling bucket 
was placed immediately downstream of the sampling plot, with the opening facing upstream.  
Substrate was removed from the plot to a depth of five cm, and placed into the net (Herringshaw 
et al. 2011).  Large inorganic substrate particles (> 5 cm diameter) were gently scrubbed, and 
returned to the stream, while remaining substrate retained by the net was washed over a 500-µm 
sieve.  No bedrock or other substrate too large to remove from the streambed was encountered 
during sampling.  Material retained by the sieve from all five plots was composited into a single 
sample per site.  Each sample was transferred to jars and preserved in 10% buffered 
formaldehyde with Rose Bengal dye.  Between 24 to 48 h after collection, the formaldehyde 
solution was replaced with 70% ethanol. 
Samples of invertebrates and associated organic matter were processed in the laboratory 
using a procedure based on Barbour et al. (1999).  First, a comprehensive search for large-bodied 
invertebrates and large pieces of organic matter was conducted by placing the sample in a pan, 
and removing all invertebrates visible to the unaided eye and pieces of organic matter ≥ 3 cm in 
length and at least 1 cm in diameter.  Subsequently, remaining sample contents were 
homogenized and placed in a pan divided into seventy-two 49-cm
2
 cells.  A cell was randomly 
10 
 
selected, and a frame was used to enclose cell contents.  Organic matter was cut at the cell 
margins, and contents were then examined under 10x magnification.  All invertebrates were 
removed from the contents of the cell, after which organic matter ≥ 1 cm in length was also 
removed.  Low invertebrate abundance in many samples precluded the possibility of doing fixed-
count samples of ≥ 500 invertebrates, as recommended by Cao et al. (2002).  Instead, random 
selection of cells continued until 10 cells (14% of sample) had been processed in their entirety. 
Invertebrates collected during the comprehensive large-bodied search and subsampling 
were identified to family for insects and mollusks, and phylum, order, or class for other taxa 
(Herringshaw et al. 2011).  Invertebrates were then dried at 60˚C for 24 h and ashed at 500˚C for 
4 h to determine biomass (g AFDW/m
2
; APHA 2005).  Invertebrate densities (number of 
individuals/m
2
) and taxon richness (number of taxa/0.45 m
2 
; i.e. the total area sampled in the 
stream) for each site were based on invertebrates collected from subsampling and the 
comprehensive large-bodied invertebrate search, accounting for percent of sample processed by 
subsampling.  I also calculated and reported variable values for three commonly used 
invertebrate metrics for assessing stream condition (Magbanua et al. 2010; Herringshaw et al. 
2011; Collier and Olsen 2013).  These metrics focused on environmentally-sensitive nymphs and 
larvae of Ephemeroptera (mayflies), Plecoptera (stoneflies), and Trichoptera (caddisflies; EPT), 
including EPT density (number of individuals/m
2
), percentage of total invertebrate density 
composed of EPT organisms (% EPT), and EPT taxon richness (number of taxa/0.45 m
2
).  To 
quantify organic matter abundance, an important resource for invertebrates, organic material 
from comprehensive sampling and subsampling was dried (60˚C for 24 hours) and quantified as 
g dry weight/m
2
, accounting for percent of sample processed (Herringshaw et al. 2011). 
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Statistical Analysis 
Relationships among human system variables, terrestrial landscape variables, and 
instream features were evaluated using correlation analysis, path analysis, and non-metric 
multidimensional scaling (NMDS).  Each stream was treated as an independent unit during 
statistical analysis.  Variables were transformed prior to analysis (log(x), log(x+1), or arcsine-
square root as appropriate) to reduce problems related to non-normality and heteroscedasticity 
(McCune and Grace 2002; Hutchens et al. 2009).  For all analyses, relationships were considered 
statistically significant at p ≤ 0.05. 
Path analysis was used to test hypotheses of causal relationships within and among 
human, terrestrial landscape, and stream systems.  A conceptual model of potential causal 
relationships (Fig. 2) provided a framework for my analyses.  In this model, variables 
representative of a particular environmental feature were grouped together.  The conceptual 
model contained seven groups of variables, consisting of six groups of predictor variables 
(human system, watershed area, terrestrial landscape, stream hydrology, stream habitat, and 
water chemistry) and one group of outcome (dependent) variables (invertebrate assemblage). 
I tested hypotheses that the invertebrate assemblage was directly affected by instream 
features, including habitat, hydrology, and water chemistry variables, and indirectly affected by 
terrestrial landscape and human system features (Fig. 2).  Hypotheses of causal relationships 
were based on observations and results from previous investigations of relationships among 
human, terrestrial, and stream ecosystems (e.g., Paul and Meyer 2001; Allan 2004; Walsh et al. 
2005a; Pickett et al. 2011).  For example, I hypothesized that percent IS would increase as a 
function of increasing human population density due to construction of roads, parking lots, and 
buildings to accommodate more people.  Impervious surface has well-documented, wide-ranging 
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effects on physical (hydrology, habitat), chemical (water chemistry), and biological properties 
(invertebrate assemblages) of streams (Paul and Meyer 2001; Stepenuck et al. 2002; Pickett et al. 
2011; Fitzgerald et al. 2012).  I therefore hypothesized that streamwater conductivity, a common 
indicator of stream pollution, would increase with percent IS because road salt application and 
abundance of other pollutants (e.g., petroleum hydrocarbons released from automobiles) 
generally increase in this landscape.  Stream impermanence was predicted to increase with 
percent IS due to decreased infiltration of rain water (Walsh et al. 2005a).  Stream temperature 
was hypothesized to increase as percent IS increased, due to reduced infiltration, channel 
enlargement, and heated runoff (LeBlanc et al. 1997; Nelson and Palmer 2007).  Through 
increased percent IS, increased stream impermanence, increased stream temperature, and higher 
levels of stream pollution (conductivity), increased human population density was expected to 
indirectly cause declines in invertebrate density, biomass, and taxon richness.  Path analysis 
enabled me to quantify magnitude of these and other causal relationships, including the direct 
effect of one variable on another (e.g., human population density on percent IS) as well as the 
indirect effect (e.g., human population density on invertebrate taxon richness, as measured 
through all paths by which human population density is linked to invertebrate taxon richness).  
Additionally, by summing direct and indirect effects, the total effect of one variable on another 
(e.g., human population density on invertebrate taxon richness) was quantified. 
Numerous exploratory path models (n = 21), each composed of different combinations of 
variables, were evaluated to test alternative hypotheses of causal relationships.  One variable 
from each of the seven grouped variables (Fig. 2) was included in any path model.  Prior to 
conducting exploratory path analysis, I examined pairwise correlations within each of the 
grouped variables (SAS 9.3; SAS Institute, Cary, NC) to reduce the number of variables included 
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in path analysis.  Correlation analysis identified variables within each group that covaried, and 
whose influences on response variables, and responses to independent variables, would be 
difficult to distinguish.  Significantly intercorrelated variables (p ≤ 0.05) were represented in 
path analysis by one surrogate variable.  In such cases, the variable selected for path analysis was 
that which, based on ecological literature, was most likely to strongly influence or be affected by 
other variables in the path model.  Surrogate variables, and all other uncorrelated variables 
representative of the same ecosystem feature (grouped variables), were used in path analysis to 
examine causal relationships (Fig. 2). 
In path analysis, each dependent variable was simultaneously regressed on all 
independent variables that were directly linked to it in the conceptual model (Cohen et al. 2003; 
Fig. 2).  Standardized regression coefficients (path coefficients) were used to estimate direct, 
indirect, and total effects of an independent variable on a dependent variable (Bollen 1989; 
Cohen et al. 2003).  A direct effect of one independent variable on a dependent variable was 
equivalent to the path coefficient associated with these two variables.  To calculate an indirect 
effect, I multiplied all coefficients from the independent variable through all intermediary 
variables to the dependent variable, and then summed values for all indirect paths leading from 
the independent variable to the dependent variable (Mitchell 1993; Garson 2008).  The total 
effect of an independent variable on a dependent variable was equal to the sum of direct and 
indirect effects.  The magnitude and direction of direct, indirect, and total effects of causal 
variables on invertebrate assemblage variables were examined for all path models.  Path models 
with the strongest interrelationships, and that therefore supported hypotheses and presumably 
best described human impacts on stream condition, are reported in results. 
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Following path analysis, non-metric multidimensional scaling (NMDS; Bray-Curtis 
dissimilarity distance measure) was conducted (vegan package in R 3.0.1; Oksanen et al. 2013) 
to examine relationships between invertebrate taxon densities and independent variables included 
in reported path models.  Rare taxa (those recorded in < 3 streams) and taxa generally classified 
as microfauna (mites and nematodes) were removed prior to analysis to reduce noise in the data 
set and therefore make ecologically important relationships easier to detect (McCune and Grace 
2002).  Vectors representing possible causal variables were fitted onto the ordination diagram, 
and plotted if they were significantly correlated with the ordination configuration after 1,000 
random permutations (Herringshaw et al. 2011). 
 
RESULTS 
Summary Statistics 
Human system, terrestrial landscape, and instream features varied widely across sites 
(Table 2).  Population density ranged from < 1 to 23 individuals/ha.  Additionally, I found 
substantial differences in socioeconomic variables across watersheds.  Mean home value in one 
watershed was nearly six times greater than in the watershed with the lowest mean home value, 
and whereas 68% of residents in one watershed had at least a Bachelor’s Degree, only 10% of 
residents had a Bachelor’s degree in another watershed (Table 2).  The largest watershed (1,138 
ha) was 318x larger than the smallest watershed (4 ha).  Reflective of a strong urban-rural 
gradient, percent IS at the watershed scale varied across sites from 0 to 43%, and had an overall 
mean value of 18% (Table 2).  The most prevalent land cover types were urban and forest, yet 
even these varied from 0 to 100% across sites at both watershed and riparian spatial scales.  
Reflective of the variability in study streams, water chemistry, habitat, and hydrology variables 
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also displayed a wide range of values, with only dissolved oxygen, temperature, and pH showing 
relatively little variation across sites (Table 2).  For example, turbidity at one site was 19x greater 
than at the site with the lowest turbidity, whereas average discharge at another site was 199x 
greater than at the site with the least discharge.  Percent of streambed covered by coarse substrate 
ranged from 0 to 79% at invertebrate sampling locations, and organic matter was 2,863x more 
abundant at one site than at the site where organic matter was least abundant. 
Invertebrate assemblages were highly variable across sites as well, with one site 
supporting an invertebrate density that was 68x larger than the site with the lowest density.  Of 
invertebrate variables, those measuring abundance and diversity of mayflies, stoneflies, and 
caddisflies (EPT) had an especially wide range of values across sites (Table 2).  A total of 32 
invertebrate taxa were collected from streams (Table 3).  Numerically dominant taxa included 
oligochaetes, baetid mayflies, hydropsychid caddisflies, and chironomid midges (mean density ≥ 
100 individuals/m
2
; Table 3).  In a numerical sense, these taxa constituted 82% of recorded 
invertebrates (Table 3).  In contrast, 16 (50%) of recorded taxa had mean densities of ≤ 1 
individual/m
2
. 
 
Correlation Analysis 
Correlation analysis uncovered numerous statistically significant relationships within the 
seven groups of variables in the conceptual causal model (Fig. 2).  Home value was strongly 
related to educational attainment, including a significant positive relationship with percent of 
residents earning at least a Bachelor’s Degree.  However, population density was uncorrelated 
with other human system variables (p ≥ 0.26; Table 4). 
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All land use variables measured at the riparian scale were highly correlated with 
respective land use variables measured at the watershed scale (p < 0.01; Table 5).  Given the 
strength of those correlations, land use effects were unlikely to be scale dependent, so I used only 
watershed-scale land use variables in statistical analysis.  Percent IS was positively correlated 
with urban land use, and negatively correlated with herbaceous land cover and forest land cover 
(Table 5).  Cultivated land cover was the only variable not correlated with percent IS, although it 
too was negatively correlated with forest land cover. 
For stream hydrology variables, discharge increased across a gradient of increasing flow 
velocity (r = 0.41, p = 0.03), and declined across a gradient of increasing stream impermanence (r 
= -0.45, p = 0.01).  For stream habitat attributes, coarse substrate abundance and mean water 
temperature were uncorrelated with other habitat variables (Table 6).  Organic matter abundance 
was positively correlated with overhead canopy cover, and negatively related to stream width 
and depth.  Total nitrogen was uncorrelated with other water chemistry variables (Table 7).  
Conductivity and pH were positively correlated, and turbidity, total suspended solids, total 
phosphorus, and dissolved oxygen were also highly intercorrelated (Table 7).  Dissolved oxygen 
declined as turbidity, total suspended solids, and total phosphorus increased.  Within the 
invertebrate community, total invertebrate taxon richness was positively correlated with all other 
invertebrate variables, exclusive of individual taxon densities.  All EPT variables (EPT density, 
% EPT, EPT taxon richness) were positively intercorrelated.  Total invertebrate density and 
biomass were also positively related (Table 8). 
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Variable Selection and Path Models 
Exploratory analysis yielded two path models that best supported causal hypotheses, and 
therefore collectively described apparent human impacts on stream condition.  Path analysis 
revealed that invertebrate taxon richness, and the percentage of the invertebrate community 
composed of EPT taxa (% EPT), were strongly linked to human system, terrestrial landscape, 
and stream features.  Model 1 (Fig. 3) provides a description of urban impacts on stream 
condition, using % EPT as the outcome variable.  According to Model 1, human and watershed 
area effects on % EPT were strongly mediated by percent IS, stream flow (discharge), and 
chemical pollution (conductivity).  Results also supported the hypothesis that streambed particle 
composition (coarse substrate abundance) influenced % EPT.  Model 2 (Fig. 4) described 
pathways by which the invertebrate assemblage appeared to be affected in rural and agricultural 
landscapes, using taxon richness as the outcome variable.  Model 2 suggests that effects of 
human population density and watershed area on the invertebrate assemblage were also mediated 
by cropland (% cultivated land cover), discharge, and total nitrogen concentration in 
streamwater. 
Of measured human system variables (Fig. 2), only population density represented the 
human system in reported path models.  Exploratory path analysis yielded evidence that, of all 
human system variables, population density had the strongest overall effect on terrestrial 
landscape and instream variables.  In particular, path analysis suggested that percent IS, an 
acknowledged driver of stream condition, was significantly influenced by human population 
density (p < 0.0001; Fig. 3).  In contrast, percent IS was relatively unaffected by home value, 
which had been chosen as a surrogate to represent remaining human system variables in path 
analysis (p = 0.58).  Impervious surface area is one of the most commonly used indicators of 
18 
 
urban development and its impacts, and of four highly intercorrelated terrestrial landscape 
variables (% urban, forest, herbaceous, IS; Table 5), percent IS was the representative terrestrial 
landscape variable in Model 1.  Cultivated land cover was selected to represent the terrestrial 
landscape in Model 2 because it was uncorrelated with percent IS (p = 0.80; Table 5), and 
enabled evaluation of agricultural impacts on stream study sites. 
  I selected discharge as the representative stream hydrology variable in Models 1 and 2.  
Discharge accounted for variation in flow velocity and stream impermanence, was measured 
more precisely than stream impermanence, and in contrast to my local-scale measurements of 
flow velocity, more accurately reflected conditions at the scale of the entire stream.  Correlation 
analysis revealed that discharge was strongly related to both land use (e.g., IS, r = 0.41; p = 
0.03), and watershed area (r = 0.87, p < 0.0001).  Therefore, watershed area was included in both 
models to account for natural variation in hydrology as a function of watershed size.  Organic 
matter abundance, which was one of several intercorrelated instream habitat variables (stream 
width, stream depth, canopy cover), was weakly related to % EPT or taxon richness in path 
models.  Similarly, when stream temperature was in a model, % EPT and taxon richness were 
never statistically related to the variable.  In contrast, relationships between coarse substrate 
abundance and invertebrate variables were relatively strong (e.g., direct effect on % EPT in 
Model 1; p < 0.0001), and coarse substrate was therefore included in both path models.  
Of intercorrelated water chemistry variables (conductivity, dissolved oxygen, pH, TP, 
turbidity, and TSS), conductivity was included in Model 1 because it provided a mechanistic 
explanation for urban impacts and had a strong effect on invertebrate assemblage variables (e.g., 
direct effect on % EPT in Model 1; p = 0.03).  Total nitrogen was expected to increase as a 
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function of agricultural land cover, and results supported this hypothesis.  Therefore, total 
nitrogen was included as the representative water chemistry variable in Model 2. 
Percent EPT was included in Model 1, because this variable provided information 
regarding the relative abundance of organisms considered to be least tolerant of environmental 
degradation.  Exploratory path analysis also indicated that % EPT was more responsive to 
variation in conductivity than other invertebrate assemblage variables.  Invertebrate taxon 
richness was used as the outcome variable in Model 2 because it was correlated with other 
invertebrate assemblage variables (total density, total biomass, EPT density, % EPT, EPT taxon 
richness), and was a comprehensive and unbiased measure of invertebrate taxon responses to 
environmental variation.  Exploratory path analysis also revealed that total taxon richness was 
more responsive to total nitrogen than % EPT. 
 
Model 1 
Model 1 (Fig. 3) supports the hypothesis that increasing human population density had a 
strong negative effect on the invertebrate assemblage.  Percent IS increased with human 
population density, and streamwater conductivity apparently increased in response to greater 
abundance of IS (Table 9).  The invertebrate assemblage, based on use of % EPT as the metric, 
was negatively and directly affected by increasing pollution (conductivity), and therefore 
negatively and indirectly influenced by percent IS and increasing human population density. 
In contrast, increasing watershed area apparently had a strong, positive indirect effect on 
% EPT (Table 9, Fig. 3).  According to Model 1, this was attributed to the positive effect of 
watershed area on stream discharge.  Discharge apparently positively influenced % EPT through 
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a direct pathway, as well as indirectly through reducing streamwater pollutant concentrations.  
Finally, Model 1 suggests that coarse substrate abundance had a direct positive effect on % EPT. 
 
Model 2 
According to results in Model 2 (Fig. 4), the invertebrate assemblage, as represented by 
total taxon richness, was adversely affected in the rural/agricultural landscapes by increasing 
streamwater nitrogen concentrations (Table 10).  As in Model 1 (Fig. 3), streamwater discharge 
had a positive direct effect on invertebrate taxon richness (Table 10).  However, the overall 
effect of discharge was statistically nonsignificant because nitrogen concentrations increased 
with discharge (Table 10).  Increased watershed area and cultivated land led to increased 
discharge and streamwater nitrogen concentrations, but contrasting effects of discharge and total 
nitrogen resulted in weak overall effects of watershed size and cultivated land on invertebrate 
taxon richness (Table 10).  Effects of human population density and coarse substrate on 
invertebrate taxon richness across a cultivated land gradient were weak or absent (Table 10). 
 
Ordination 
Ordination of invertebrate taxon densities using NMDS (two-dimensional ordination, 
final stress = 0.16; Fig. 5) also yielded insight into factors structuring the invertebrate 
assemblage.  In particular, results suggest that lymnaeid snails, simuliid flies, dytiscid beetles 
and EPT taxa (baetid mayflies, and hydropsychid and hydroptilid caddisflies) increased with 
greater coarse substrate abundance and increased water flow and cultivated land cover, and 
declined across a gradient of increasing human population density.  In contrast, relatively few 
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taxa (e.g., planorbid snails and pisidiid bivalves) were most abundant in the most densely 
populated landscapes. 
 
DISCUSSION 
 By testing hypotheses of causal relationships among human, terrestrial, and stream 
system variables, I identified likely causes of variation in stream condition in central Iowa.  Path 
analysis enabled mechanistic description of indirect adverse human impacts on stream condition, 
as well as simultaneous positive or negative effects of natural watershed and instream features on 
invertebrates.  Specifically, I provided evidence that human activities adversely affected stream 
condition of headwater streams, as reflected by invertebrate assemblage characteristics, through 
landscape changes and increased delivery of pollutants to the stream channel.  Although results 
clearly suggested that humans adversely affected invertebrate assemblages, these effects were 
less extreme in streams with abundant coarse substrate, and in streams within large watersheds 
that typically had greater water volume and flow.  Path analysis revealed unique human impacts 
on stream condition in urban and agricultural landscapes.  Specifically, streams in urban 
landscapes appeared to be strongly and negatively affected by pollutants associated with 
impervious surfaces.  In rural areas, results suggested that stream condition was negatively 
related to nitrogen concentrations in streamwater.  Path analysis revealed that total effects of 
humans on stream condition (i.e., invertebrate taxonomic diversity) were greater in urban 
environments.  Total effects of impervious surface on stream condition were also greater than 
cultivated land cover on a per unit basis, suggesting that even in the agriculturally-dominated 
landscape of central Iowa, urban effects on stream condition are greater than those resulting from 
agricultural land use. 
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Model 1 
 Model 1 suggests that in central Iowa watersheds that were the focus of this study, 
increasing human population density indirectly affected aquatic invertebrate assemblage 
composition through construction of impervious surfaces and inputs of associated pollutant to 
streams.  The strong relationship between population density and percent IS in Model 1 is an 
inevitable result of roads and buildings constructed to support increased densities of people 
(Stankowski 1972; Liang et al. 2007). 
The strong positive effect of percent IS on conductivity was consistent with previous 
studies of small urban streams (Hatt et al. 2004).  This relationship was likely due to 
contaminants on roadways and roofs from sources such as vehicles and road salt (Bannerman et 
al. 1993; Paul and Meyer 2001; Allan 2004; Corsi et al. 2010), and leaching of chemicals from 
concrete (Wright 2011).  As expected, results indicate that conductivity had a strong, negative 
effect on invertebrates.  This finding is also consistent with studies that have linked declines in 
stream-dwelling EPT organisms to elevated conductivity (e.g., Shilla and Shilla 2011; Cormier et 
al. 2013). 
Although adverse human impacts on the invertebrate assemblage were strong, my results 
suggested that physical factors independent of human activities also influenced invertebrates.  
Watershed area and coarse substrate abundance, neither of which were significantly related to 
human population density, appeared to significantly affect EPT taxa, and their effects on 
invertebrate abundance and diversity were positive.  According to Model 1 and NMDS, 
abundance of EPT taxa, black fly larvae (Simuliidae), and lymnaeid snails (Lymnaeidae) were 
positively related to coarse substrate abundance.   These taxa benefit from structurally complex 
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habitat in the form of coarse substrate that provides stable surfaces for clinging and grazing, and 
interstices that function as refuges from predation and strong currents (Merritt and Cummins 
1984; Yates and Bailey 2010).  In riffles, water turbulence due to coarse substrate also results in 
increased dissolved oxygen, which is of particular importance for invertebrates that have higher 
oxygen requirements, such as some EPT organisms (Quinn and Hickey 1990; Herringshaw et al. 
2011; Greenwood et al. 2012).  These results provide evidence that availability of coarse 
substrate may help mitigate adverse human impacts on stream condition in urban watersheds.  In 
contrast, proclivity of planorbid snails and pisidiid bivalves to habitats dominated by soft 
substrate (Dillon 2000) might explain their tendency to increase across a gradient of declining 
coarse substrate abundance in my study. 
Watershed area also had positive effects on the invertebrate assemblage in my study, and 
this was likely a consequence of the effect of watershed size on volume of streamflow.  
Streamflow increased with watershed area, and this favored EPT taxa for several possible 
reasons.  Given that discharge was positively correlated with stream width (r = 0.84, p < 0.01), 
invertebrates inhabiting streams with higher discharge appeared to have more habitat available to 
support viable populations (Dewson et al. 2007).  Additionally, stream permanency was likely 
another contributing factor to the positive relationship between discharge and % EPT.  The 
negative correlation between discharge and stream impermanence in my study suggests higher 
discharge was associated with fewer drying events that were likely to periodically eliminate EPT 
populations in low-flow streams.  Similar to my study, Dewson et al. (2007) reported lower % 
EPT and taxonomic richness in small New Zealand streams with decreased discharge, and other 
authors have reported differences in invertebrate community composition due to increasingly 
intermittent flow (Stubbington et al. 2009; Arscott et al. 2010; Chadwick et al. 2012; Datry 
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2012).  Finally, given the positive correlation that I observed between discharge and flow 
velocity, even streams with low discharge that did not experience streambed drying would still 
have decreased flow velocity.  Many invertebrates use flow velocity as a rheotactic cue for 
navigation (Hart and Finelli 1999).  Low flow velocity can therefore inhibit rheotaxis, leading to 
decreased efficiency in locating particulate food and avoidance of predators (Hart and Finelli 
1999).  Low flow velocity also decreases food availability for passive suspension feeders, and 
leads to decreased gas exchange for algae and invertebrates.  In addition to direct positive effects 
on invertebrates, discharge apparently indirectly benefitted the assemblage by reducing the 
concentration of stream pollutants in streamwater.  The significant negative effect of discharge 
on conductivity was likely due to a dilution effect from the increased volume of water.  This 
relationship has been observed previously by Wang and Yin (1997), and by decreasing 
conductivity, strengthened the positive effect of watershed area on % EPT. 
 
Model 2 
At the other end of the urban-rural gradient, Model 2 provides likely causal explanations 
for adverse impacts of cultivated land use and resultant elevated streamwater nitrogen 
concentrations on invertebrate taxonomic diversity.  Fertilizer application to cultivated land 
(David and Gentry 2000; Billen et al. 2013), tillage practices (Sharpley and Smith 1994), and 
artificial drainage systems (Turtola and Paajanen 1995) are likely causes of elevated levels of 
nitrogen in study streams.  Total nitrogen in all streams I examined exceeded water quality 
criteria as established by USEPA (2.18 mg/L; USEPA 2000), and apparently had a negative 
direct effect on invertebrate diversity.  This finding is consistent with results of Wang et al. 
(2007) for macroinvertebrates in wadeable streams in Wisconsin.  Although nitrogen was linked 
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to agricultural land use in my study, the total effect of cultivated watershed on taxon richness 
was not statistically significant.  This is because discharge also increased across a gradient of 
increasing cultivated land cover, and had a positive effect on invertebrate taxonomic diversity in 
streams.  Despite the nonsignificant overall effect, the pathway from cultivated land to total 
invertebrate taxon richness through total nitrogen provides a likely mechanism through which 
headwater streams in central Iowa are being negatively impacted. 
In both Models 1 and 2, watershed area had a strong positive effect on discharge.  
Discharge subsequently had a strong positive impact on invertebrates in both models, despite the 
use of different metrics to characterize the community.  The strength of these effects in both 
models provided evidence of the robustness of the relationship between watershed area and the 
invertebrate community. 
 
CONCLUSIONS 
Through path analysis, I gained insight into the direct and indirect effects of social and 
biophysical factors impacting headwater streams in Iowa.  Not only was I able to study 
anthropogenic effects across an urban-rural gradient, but I was also able to explore specific 
causal mechanisms, and account for impacts of physical landscape and stream features that could 
have otherwise made it difficult to identify human impacts.  In densely populated areas of central 
Iowa, headwater stream condition appeared to be impacted through construction of impervious 
surfaces and delivery of pollutants to the stream.  In contrast, rural headwater streams appeared 
to be affected by a different stressor, specifically nitrogen that was associated with cultivated 
land use. 
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My results add to the growing body of literature that suggests that urbanization impacts 
on stream condition may be greater than those of agriculture (Stepenuck et al. 2002; Moore and 
Palmer 2005; Herringshaw et al. 2011).  For example, in a study of streams in southeastern 
Wisconsin, Stepenuck et al. (2002) found that invertebrate taxon richness and % EPT were 
negatively correlated with impervious land cover, but positively correlated with agricultural land 
use.  In a study of headwater streams in Maryland, Moore and Palmer (2005) also found that 
invertebrate taxonomic diversity declined along a gradient from agricultural to urban land use.  
Similarly, Herringshaw et al. (2011) reported that total taxon richness and % EPT were 
positively associated with agricultural land cover and negatively related to urban land cover 
across 29 sites in central Iowa.  However, unlike my investigation, specific causal linkages 
between urban land use and invertebrate assemblages were not identified in that study. 
My finding that urban land use may be having a greater impact on the invertebrate 
community than agricultural land use is of particular importance in a region where urban centers 
are rapidly encroaching into land that is currently dominated by agriculture.  For example, in the 
Greater Des Moines area, current rates of urbanization are expected to result in two-thirds of 
present-day agricultural land to be converted to urban land use in the next 40 years (Des Moines 
Area Metropolitan Planning Organization 2012).  Rather than alleviate problems related to 
agricultural land use, such changes are likely to lead to even further declines in stream condition. 
Among physical factors that appeared to vary independently of human impacts between 
sites in my study, watershed area was found to have a strong influence on the invertebrate 
community through its impact on stream hydrology.  This indicates that this is an important 
variable to control for when assessing human impacts on first and second order headwater 
streams.  The strong, positive impact of coarse substrate on invertebrate composition and 
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abundance suggests that substrate characteristics can help mitigate adverse effects of water 
pollution on biological assemblages in urban streams. 
These findings provide watershed managers and researchers with valuable insight into 
relative impacts of specific anthropogenic and natural factors affecting headwater streams.  For 
example, the significant effect of pollutants delivered by impervious surfaces suggests that 
stream restoration efforts would benefit from breaking the connections between impervious 
surfaces and stream channels.  This could be accomplished through retrofitting of stormwater 
drainage systems and use of low-impact design techniques (Hatt et al. 2004).  Best management 
practices shown to significantly reduce pollutant loads, such as detention ponds (Brabec et al. 
2002), may also prove to be beneficial.  Despite the significant effect of coarse substrate on the 
invertebrate community, habitat restoration alone (e.g. to restore coarse substrate to streambeds) 
is unlikely to improve stream condition (Suren and McMurtrie 2005; Walsh et al. 2005b).  
However, as part of a larger effort to mitigate effects of urban land use, such actions are likely to 
prove beneficial (Walsh et al. 2005b).  Taking such management and restoration steps is of 
particular importance given the unique habitat and ubiquitous nature of headwater streams, and 
could lead to greater sustainability and resilience of both urban and rural landscapes. 
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FIGURES AND TABLES 
 
 
 
 
 
 
 
 
Fig. 1  Location of study sites within central Iowa with major rivers shown.  
Within inset, shaded areas denote city boundaries, and study site locations 
are indicated by black circles. 
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Fig. 2  Conceptual model of predicted causal relationships among stream 
and watershed features (bold text), and representative variables (plain text).  
Arrows extend from variables predicted to have an effect to the variables 
they are hypothesized to affect. 
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Fig. 3  Path model with labeled path coefficients and % EPT as the 
outcome variable (Model 1).  Black arrows indicate a positive direct effect, 
gray indicate a negative direct effect, while insigniﬁcant direct effects are 
shown as dashed lines. 
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Fig. 4  Path model with labeled path coefficients and taxon richness as the 
outcome variable (Model 2).  Black arrows indicate a positive direct effect, 
gray indicate a negative direct effect, while insigniﬁcant direct effects are 
shown as dashed lines. 
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Fig. 5  Non-metric multidimensional scaling (NMDS) joint plot of 
invertebrate taxon densities showing causal variables as vectors.  Vectors 
only included for variables that were significantly related to invertebrate 
densities (joint plot R
2
 ≥ 0.19, p ≤ 0.05).  See Table 3 for common names 
of invertebrate taxa. 
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Table 1  Aggregated land use categories used in this study, along with NLCD categories they 
were comprised of. 
Aggregated categories NLCD categories 
Open water 11 – Open water 
Urban 21 – Developed open; 22 – Developed low; 
23 – Developed medium; 24 – Developed high; 31 – barren 
Cultivated land 82 – Cultivated crops 
Herbaceous 71 – Grassland/herbaceous; 81 – Pasture/hay 
Forest 41 – Deciduous forest; 42 – Evergreen forest; 52 – Shrub/scrub 
Wetlands 90 – Woody wetlands 
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Table 2  Summary statistics (overall mean, SD, range of values) for variables in study 
watersheds (n = 29).  Data for individual streams are available in Appendices B-E. 
Variable Mean SD Range 
Human system    
   Population density (individuals/ha) 7 7 <1-23 
   Education – did not graduate high school (%) 6 8 <1-36 
   Education – graduated high school (%) 26 10 12-46 
   Education – some college or Associate’s Degree (%) 32 6 16-40 
   Education – Bachelor’s Degree or higher (%) 36 17 10-68 
   Home value (thousands of dollars) 144 57 64-373 
Terrestrial landscape    
   Watershed area (ha) 206 265 4-1,138 
   Percent IS (%) 18 13 0-43 
   Urban (%) 52 36 0-100 
   Cultivated (%) 12 18 0-71 
   Herbaceous (%) 12 14 0-64 
   Open water (%) <1 <1 0-1 
   Forest (%) 24 32 0-100 
   Wetland (%) <1 <1 0-1 
Water chemistry    
   Total nitrogen (mg/L) 2.5 2.0 0.6-8.0 
   Total phosphorus (mg/L) 0.14 0.06 0.05-0.26 
   Conductivity (µS/cm) 739 178 367-1,186 
   Dissolved oxygen (mg/L) 8.8 0.4 8.0-10.0 
   pH 8.2 0.2 7.9-8.5 
   Temperature (˚C) 19 2 15-23 
   Total suspended solids (mg/L) 4.4 2.6 2.0-11.1 
   Turbidity (NTU) 17 16 4-65 
Hydrology    
   Discharge (L/sec) 32 48 1-219 
   Flow velocity (m/sec) 0.3 0.1 0.1-0.6 
   Stream impermanence (number of site visits where 
no surface water existed; n = 16 site visits) 
1 2 0-7 
Habitat    
   Stream width (m) 2.2 1.3 0.4-5.4 
   Stream depth (cm) 13.4 11.3 2.5-54.2 
   Coarse substrate (% of streambed) 47 22 0-79 
   Organic matter (g dry weight/ m
2
) 75 136 <1-573 
   Canopy cover (%) 65 21 3-90 
Invertebrate community    
   Total density (individuals/m
2
) 1,213 1,042 66-4,490 
   EPT density (individuals/m
2
) 222 395 0-1,855 
   Total biomass (g AFDW/m
2
) 0.25 0.25 0.01-1.02 
   Taxon richness (number of taxa/0.45 m
2
) 9 3 3-15 
   EPT taxon richness (number of taxa/0.45 m
2
) 2 1 0-6 
   % EPT (%) 17 18 0-65 
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Table 3  Invertebrate densities (overall mean with SD in parentheses) in streams (n = 29).  Data 
for individual streams are available in Appendix F. 
Taxon Number/m
2
 
Phylum Platyhelminthes  
  Class Turbellaria (planarians) 2 (5) 
Phylum Nemata (nematodes) 34 (70) 
Phylum Mollusca (mollusks)  
  Class Gastropoda (gastropods)  
      Lymnaeidae (lymnaeid snails) 1 (4) 
      Physidae (physid snails) 10 (20) 
      Planorbidae (planorbid snails) 7 (25) 
  Class Bivalvia (clams)  
      Pisidiidae (peaclams) 73 (163) 
Phylum Annelida (annelids)  
  Class Oligochaeta (oligochaetes) 295 (345) 
  Class Euhirudinea (leeches) 1 (3) 
Phylum Arthropoda (arthropods)  
  Class Arachnida (arachnids)  
    Order Acariformes (mites) 4 (8) 
  Class Insecta (insects)  
    Order Ephemeroptera (mayflies)  
      Baetidae (small minnow mayflies) 100 (154) 
      Heptageniidae (flatheaded mayflies) 1 (5) 
      Leptohyphidae (little stout crawler mayflies) <1 (<1) 
    Order Odonata (dragonflies and damselflies)  
      Aeshnidae (darners) <1 (<1) 
      Libellulidae (skimmers) <1 (<1) 
      Lestidae (spread-winged damselflies) <1 (<1) 
    Order Trichoptera (caddisflies)  
      Helicopsychidae (snail-case caddisflies) 2 (10) 
      Hydropsychidae (net-spinning caddisflies) 106 (277) 
      Hydroptilidae (micro-caddisflies) 11 (28) 
      Leptoceridae (long-horn caddisflies) 2 (9) 
      Limnephilidae (northern caddisflies) <1 (1) 
      Polycentropodidae (tube-making and trumpet-net caddisflies) <1 (3) 
    Order Coleoptera (beetles)  
      Dytiscidae (predaceous diving beetles) <1 (1) 
      Elmidae (riffle beetles) <1 (<1) 
      Hydrophilidae (water scavenger beetles) <1 (<1) 
    Order Diptera (flies)  
      Ceratopogonidae (biting midges) 1 (3) 
      Chironomidae (midges) 495 (617) 
      Empididae (dance flies) 2 (5) 
      Simuliidae (black flies) 58 (137) 
      Tipulidae (crane flies) 7 (17) 
    Order Plecoptera (stoneflies)  
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Table 3 (continued) 
Taxon Number/m
2
 
      Perlidae (common stoneflies) <1 (<1) 
  Class Malacostraca (malacostracans)  
    Order Amphipoda (amphipods) 1 (3) 
    Order Decapoda (crayfishes) <1 (<1) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Table 4 Pearson correlation coefficients for human system variables.  Bold values denote significance at p ≤ 0.05. 
 Did not graduate 
high school 
Graduated 
high school 
Some college/ 
Associate’s Degree 
Bachelor’s 
Degree or higher 
Home 
value 
Population density -0.06 -0.22 -0.20 0.21 -0.01 
Did not graduate high school  0.66 -0.27 -0.81 -0.70 
Graduated high school   0.19 -0.94 -0.53 
Some college/Associate’s Degree    -0.21 -0.09 
Bachelor’s Degree or higher     0.70 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Table 5 Pearson correlation coefficients for terrestrial landscape variables.  Bold values denote significance at p ≤ 0.05. 
 Riparian 
urban 
Riparian 
cultivated 
Riparian 
herbaceous 
Riparian 
forest 
Watershed 
urban 
Watershed 
cultivated 
Watershed 
herbaceous 
Watershed 
forest 
% IS 0.89 0.02 -0.02 -0.76 0.93 -0.05 -0.39 -0.78 
Riparian – urban  -0.08 -0.14 -0.79 0.92 -0.03 -0.53 -0.75 
Riparian – cultivated   0.39 -0.46 -0.02 0.75 0.16 -0.41 
Riparian – herbaceous    -0.32 -0.11 0.57 0.51 -0.35 
Riparian – forest     -0.77 -0.45 0.28 0.95 
Watershed – urban      -0.14 -0.55 -0.77 
Watershed – cultivated       0.27 -0.43 
Watershed – herbaceous        0.10 
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Table 6 Pearson correlation coefficients for stream habitat variables.  Bold values denote 
significance at p ≤ 0.05. 
 Stream depth Coarse substrate Organic matter Temperature Canopy cover 
Stream width 0.65 0.06 -0.39 0.16 -0.37 
Stream depth  -0.08 -0.42 0.14 -0.60 
Coarse substrate   -0.26 -0.01 0.15 
Organic matter    -0.36 0.37 
Temperature     -0.34 
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Table 7 Pearson correlation coefficients for water chemistry variables.  TN = total nitrogen, TP 
= total phosphorous, DO = dissolved oxygen, TSS = total suspended sediment.  Bold values 
denote significance at p ≤ 0.05. 
 pH TN TP DO TSS Turbidity 
Conductivity 0.39 -0.15 -0.21 0.33 -0.34 -0.62 
pH  -0.35 -0.08 0.15 -0.11 -0.23 
TN   0.02 0.15 -0.01 -0.008 
TP    -0.64 0.72 0.70 
DO     -0.41 -0.56 
TSS      0.79 
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Table 8 Pearson correlation coefficients for invertebrate assemblage variables.  Bold values 
denote significance at p ≤ 0.05. 
 Total biomass Taxon richness EPT density % EPT EPT taxon richness 
Total density 0.68 0.50 0.34 0.06 0.24 
Total biomass  0.45 0.10 -0.03 0.01 
Taxon richness   0.62 0.47 0.63 
EPT density    0.88 0.92 
% EPT     0.75 
 
 
 
 
 
 
 
 
 
 
 
 Table 9  Direct (DE), indirect (IE), and total effects (TE) of independent variables on dependent variables in path analysis for Model 1 
(Fig. 3).  Values in bold indicate statistically significant effects (p ≤ 0.05).  Total effects of coarse substrate and conductivity are 
equivalent to their direct effects. 
 
Population density 
effect 
Watershed area effect Percent IS effect  Discharge effect Coarse 
substrate effect 
Conductivity 
effect 
Dependent variable DE IE TE DE IE TE DE IE TE DE IE TE TE TE  
Percent IS 0.61 - 0.61 - - - - - - - - - - - 
Discharge - -0.08 -0.08 0.90 - 0.90 -0.13 - -0.13 - - - - - 
Coarse substrate - <0.01 <0.01 - -0.03 -0.03 - <0.01 <0.01 -0.03 - -0.03 - - 
Conductivity - 0.38 0.38 - -0.38 -0.38 0.56 0.05 0.61 -0.42 - -0.42 - - 
%EPT - -0.14 -0.14 - 0.55 0.55 - -0.23 -0.23 0.51 0.10 0.60 0.48 -0.27 
 
 
 
 
 
 
 
 
 
 
 
 Table 10  Direct (DE), indirect (IE), and total effects (TE) of independent variables on dependent variables in path analysis for Model 
2 (Fig. 4).  Values in bold indicate statistically significant effects (p ≤ 0.05).  Total effects of coarse substrate and total nitrogen are 
equivalent to their direct effects. 
 
Population density effect Watershed area effect % Cultivated effect  Discharge effect Coarse 
substrate effect 
Total nitrogen 
effect 
Dependent variable DE IE TE DE IE TE DE IE TE DE IE TE TE TE  
% Cultivated -0.23 - -0.23 - - - - - - - - - - - 
Discharge - -0.06 -0.06 0.85 - 0.85 0.24 - 0.24 - - - - - 
Coarse substrate - <0.01 <0.01 - -0.02 -0.02 - -0.01 -0.01 -0.03 - -0.03 - - 
Total nitrogen 0.26 -0.10 0.17 - 0.25 0.25 0.35 0.07 0.42 0.30 - 0.30 - - 
Taxon richness - -0.08 -0.08 - 0.24 0.24 - -0.06 -0.06 0.40 -0.12 0.28 0.22 -0.36 
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APPENDIX A 
Table 1.  Location information for streams included in this study (n = 29).  Cities indicated for sampling locations 
within a municipality’s boundaries, otherwise the site was designated as “Rural.” 
Stream County City UTM (X) UTM (Y) 
AL1 Polk Altoona 459427 4609917 
AL2 Polk Altoona 458229 4609183 
AL3 Polk Altoona 459325 4609168 
AL4 Polk Altoona 462774 4611159 
AN1 Polk Ankeny 451046 4621446 
AN2 Polk Ankeny 453268 4615672 
AN3 Polk Ankeny 448502 4616782 
AN4 Polk Ankeny 451608 4619126 
DM1 Polk Des Moines 445968 4607523 
DM2 Polk Des Moines 451741 4601772 
DM3 Polk Des Moines 453220 4598792 
DM4 Polk Des Moines 450319 4598976 
GH Warren Rural 463626 4577265 
GJ Polk Rural 465720 4596089 
GW Warren Rural 464289 4578587 
JO1 Polk Johnston 439331 4613656 
JO2 Polk Johnston 438987 4614775 
JO3 Polk Johnston 439417 4613060 
JO4 Polk Johnston 440204 4612224 
PB Warren Rural 451186 4584946 
PH1 Polk Pleasant Hill 457575 4605866 
PH2 Polk Pleasant Hill 461486 4604873 
PH3 Polk Pleasant Hill 457195 4603302 
PH4 Polk Pleasant Hill 457219 4603276 
PS Polk Des Moines 454668 4606509 
PW Warren Rural 463649 4578057 
UB Polk Des Moines 444962 4608197 
UG Polk Des Moines 443089 4602741 
UP Polk Des Moines 450562 4602007 
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APPENDIX B 
Table 1.  Values for human system variables in each stream.     
Stream  Population density 
(individuals/ha) 
 Did not graduate 
high school (%) 
Graduated high 
school (%)  
Some college/AS (%) 
AL1 8.2 3.6 21.7 35.3 
AL2 1.6 5.0 23.2 35.0 
AL3 9.5 2.4 24.4 39.6 
AL4 5.9 1.8 28.0 39.5 
AN1 14.7 1.2 13.6 32.1 
AN2 0 2.1 18.2 38.7 
AN3 0.8 4.7 15.7 39.4 
AN4 20.9 1.6 16.8 35.0 
DM1 23.2 9.5 19.3 32.3 
DM2 15.3 27.7 40.4 20.6 
DM3 6.7 9.9 29.8 33.1 
DM4 14.9 10.4 39.9 34.3 
GH 0.1 2.5 32.0 33.5 
GJ 0.2 5.6 34.2 38.2 
GW 0.1 7.1 35.7 37.5 
JO1 8.0 0.4 11.6 26.2 
JO2 15.7 0.4 11.7 26.3 
JO3 13.5 0.4 11.6 26.2 
JO4 0.9 0.4 11.7 26.2 
PB 0.1 2.5 32.0 33.5 
PH1 8.0 3.7 34.9 34.6 
PH2 1.5 3.9 28.8 39.4 
PH3 11.0 3.6 36.3 33.9 
PH4 3.0 3.6 34.6 35.2 
PS 6.3 14.4 45.6 30.0 
PW 0.1 3.0 32.3 33.9 
UB 5.7 2.1 19.9 31.3 
UG 4.9 1.5 13.9 16.4 
UP 0.4 35.5 35.7 19.0 
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Table 1.  (continued) 
Stream  Bachelor’s Degree 
or greater (%) 
Home value (thousands of 
dollars) 
AL1 39.5 118 
AL2 36.8 110 
AL3 33.7 129 
AL4 30.8 111 
AN1 53.2 152 
AN2 41.0 153 
AN3 40.1 126 
AN4 46.6 138 
DM1 38.9 97 
DM2 11.4 83 
DM3 27.2 155 
DM4 15.4 85 
GH 31.9 108 
GJ 22.1 165 
GW 19.7 138 
JO1 61.8 190 
JO2 61.7 234 
JO3 61.8 168 
JO4 61.7 128 
PB 31.9 169 
PH1 26.8 137 
PH2 28.0 179 
PH3 26.2 155 
PH4 26.6 130 
PS 10.1 75 
PW 30.8 159 
UB 46.6 133 
UG 68.2 373 
UP 9.8 64 
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APPENDIX C 
Table 1.  Values for watershed area and terrestrial landscape variables in each stream. 
Stream  Percent IS (%)  Riparian – urban 
(%) 
Riparian – cultivated 
(%) 
Riparian – herbaceous 
(%) 
AL1 26.2 65.7 0 31.4 
AL2 38.4 92.2 3.6 1.2 
AL3 21.2 75.5 2.8 19.0 
AL4 15.6 9.9 76.0 9.1 
AN1 28.8 100 0 0 
AN2 43.3 77.1 6.7 16.2 
AN3 14.0 35.4 10.3 34.9 
AN4 36.6 100 0 0 
DM1 28.5 91.6 0 0 
DM2 22.0 34.4 0 0 
DM3 18.3 58.6 0 0 
DM4 26.0 84.2 0 0 
GH 0.9 0 0 8.7 
GJ 0 0 0 0 
GW 1.5 0 0 35.9 
JO1 32.9 73.2 9.8 1.6 
JO2 33.8 100 0 0 
JO3 32.6 64.3 6.1 5.2 
JO4 23.8 42.9 0 10.7 
PB 3.9 0 0 0 
PH1 24.9 54.5 9.8 27.3 
PH2 2.6 5.5 73.4 21.1 
PH3 16.0 55.1 13.3 0 
PH4 8.8 36.7 8.2 21.4 
PS 2.7 7.1 0 0 
PW 0 0 0 0 
UB 6.4 0 0 6.3 
UG 17.4 20.7 0 0 
UP 3.5 0 0 0 
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Table 1.  (continued) 
Stream  Riparian – forest 
(%) 
Riparian – wetland 
(%) 
Watershed – urban 
(%) 
Watershed – cultivated 
(%) 
AL1 2.9 0 94.0 0 
AL2 3.0 0 85.4 9.5 
AL3 2.8 0 71.6 19.3 
AL4 0 5.0 53.9 36.1 
AN1 0 0 86.5 12.8 
AN2 0 0 66.7 26.3 
AN3 19.5 0 30.1 49.8 
AN4 0 0 100 0 
DM1 8.4 0 98.6 0 
DM2 65.6 0 74.8 0 
DM3 41.4 0 62.9 4.9 
DM4 15.8 0 98.5 0 
GH 91.3 0 0 0 
GJ 100 0 0 12.6 
GW 59.1 5.0 4.2 37.8 
JO1 11.4 4.1 73.8 12.5 
JO2 0 0 98.1 1.7 
JO3 24.3 0 88.2 2.2 
JO4 41.7 4.8 60.0 0 
PB 100 0 7.1 0 
PH1 8.3 0 69.8 11.4 
PH2 0 0 14.7 70.8 
PH3 31.6 0 59.4 19.8 
PH4 33.7 0 27.3 19.6 
PS 92.9 0 12.5 0 
PW 100 0 0 0 
UB 93.8 0 22.0 0 
UG 79.3 0 42.7 0 
UP 100 0 1.4 0 
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Table 1.  (continued) 
Stream  Watershed – 
herbaceous (%) 
Watershed – open 
water (%) 
Watershed – forest 
(%) 
Watershed – wetland 
(%) 
AL1 4.3 1.5 0.3 0 
AL2 4.8 0 0.3 0 
AL3 8.1 0 1.0 0 
AL4 9.6 0 0 0.4 
AN1 0.8 0 0 0 
AN2 5.8 0 0 1.2 
AN3 18.6 0 1.6 0 
AN4 0 0 0 0 
DM1 0 0.1 1.3 0 
DM2 1.8 0 23.4 0 
DM3 16.7 0 15.6 0 
DM4 0.2 0 1.3 0 
GH 63.6 0 36.4 0 
GJ 4.5 0 82.8 0 
GW 34.3 0 23.3 0.3 
JO1 11.2 0 2.0 0.6 
JO2 0.2 0 0 0 
JO3 6.1 0 3.5 0 
JO4 12.5 0 26.4 1.1 
PB 24.3 0 68.6 0 
PH1 17.2 0 1.6 0 
PH2 14.5 0 0 0 
PH3 8.0 0 12.9 0 
PH4 33.5 0 19.6 0 
PS 0 0 87.5 0 
PW 0 0 100 0 
UB 17.1 0 61.0 0 
UG 8.5 0 48.8 0 
UP 20.5 0 78.1 0 
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Table 1.  (continued) 
Stream  Watershed area (ha) 
AL1 126.7 
AL2 349.1 
AL3 836.8 
AL4 281.1 
AN1 284.3 
AN2 205.3 
AN3 463.5 
AN4 74.2 
DM1 617.4 
DM2 225.0 
DM3 97.1 
DM4 1,137.8 
GH 13.5 
GJ 17.5 
GW 285.4 
JO1 105.5 
JO2 97.0 
JO3 109.8 
JO4 50.4 
PB 22.6 
PH1 204.2 
PH2 186.7 
PH3 97.2 
PH4 57.4 
PS 3.6 
PW 13.3 
UB 3.6 
UG 7.7 
UP 6.7 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
59 
 
APPENDIX D 
Table 1.  Values for water chemistry, hydrologic, and habitat variables for each stream. 
Stream  TN (mg/L) TP (mg/L) Conductivity 
(µS/cm) 
Dissolved oxygen 
(ppm) 
AL1 2.00 0.11 724 8.69 
AL2 3.07 0.09 764 9.14 
AL3 5.63 0.12 624 8.87 
AL4 7.99 0.19 821 8.65 
AN1 3.13 0.11 810 9.23 
AN2 1.04 0.07 645 9.42 
AN3 1.91 0.13 505 8.50 
AN4 4.14 0.10 800 8.87 
DM1 1.90 0.14 1,186 9.22 
DM2 1.98 0.09 795 8.41 
DM3 1.45 0.22 535 8.00 
DM4 1.98 0.24 678 8.19 
GH 1.51 0.10 532 8.47 
GJ 0.78 0.20 710 8.81 
GW 6.18 0.26 367 8.61 
JO1 1.32 0.12 877 8.31 
JO2 2.89 0.06 730 9.95 
JO3 2.39 0.05 812 9.20 
JO4 1.24 0.09 721 8.47 
PB 1.87 0.21 676 8.35 
PH1 1.28 0.06 890 9.61 
PH2 7.31 0.10 609 8.97 
PH3 2.10 0.10 801 8.90 
PH4 0.56 0.13 791 8.36 
PS 0.88 0.16 888 9.10 
PW 0.69 0.11 448 8.65 
UB 2.41 0.23 679 8.46 
UG 2.23 0.13 1,134 8.90 
UP 0.98 0.22 889 8.58 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
60 
 
Table 1.  (continued) 
Stream  pH Water temperature 
(˚C) 
TSS (mg/L) Turbidity (NTU) 
AL1 8.28 18.4 26.9 13.0 
AL2 8.02 19.1 30.7 11.0 
AL3 8.09 18.5 41.1 16.5 
AL4 7.97 16.4 27.8 11.7 
AN1 8.26 17.2 28.2 4.3 
AN2 7.98 20.3 23.1 5.8 
AN3 8.15 22.7 23.9 13.4 
AN4 8.17 16.9 31.7 8.9 
DM1 8.44 18.0 27.4 4.0 
DM2 8.06 20.5 21.5 5.8 
DM3 8.18 21.8 97.5 44.1 
DM4 8.18 21.0 110.9 40.4 
GH 8.23 21.4 36.1 29.3 
GJ 8.28 17.1 80.6 53.2 
GW 7.92 19.2 102.5 64.9 
JO1 8.20 17.9 43.7 13.9 
JO2 8.46 18.8 29.7 7.6 
JO3 8.37 18.0 24.3 3.5 
JO4 8.48 20.5 23.5 7.1 
PB 8.38 19.7 62.2 40.3 
PH1 8.19 17.2 21.1 4.9 
PH2 7.89 15.4 37.4 11.3 
PH3 8.22 19.2 36.6 7.9 
PH4 8.19 21.4 20.1 6.6 
PS 8.17 16.3 83.0 13.8 
PW 8.05 19.6 35.0 27.2 
UB 8.30 16.2 45.3 9.9 
UG 8.31 17.2 42.2 9.4 
UP 8.33 19.2 49.4 16.0 
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Table 1.  (continued) 
Stream  Discharge (L/sec) Flow velocity 
(m/sec) 
Stream impermanence 
(number of dry events) 
Coarse substrate 
(% of streambed) 
AL1 38.8 0.27 1 79 
AL2 155.5 0.57 0 44 
AL3 219.3 0.27 0 51 
AL4 49.3 0.26 3 11 
AN1 23.2 0.34 0 63 
AN2 22.6 0.18 0 25 
AN3 30.0 0.26 0 35 
AN4 5.6 0.13 0 37 
DM1 35.5 0.34 0 78 
DM2 14.8 0.16 2 74 
DM3 47.5 0.35 0 0 
DM4 17.3 0.54 0 43 
GH 1.4 0.18 5 79 
GJ 4.2 0.41 3 36 
GW 79.8 0.50 3 38 
JO1 7.7 0.40 1 41 
JO2 7.8 0.24 0 15 
JO3 28.0 0.34 0 49 
JO4 3.1 0.25 2 60 
PB 7.8 0.28 3 66 
PH1 36.1 0.48 0 49 
PH2 58.5 0.41 0 77 
PH3 15.0 0.33 0 42 
PH4 7.5 0.31 1 68 
PS 1.2 0.34 0 16 
PW 2.9 0.37 7 64 
UB 1.1 0.12 6 28 
UG 1.3 0.17 2 66 
UP 2.3 0.42 0 28 
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Table 1.  (continued) 
Stream  Organic matter 
(g dry weight m2) 
Canopy (%) Stream width (m) Stream depth (cm) 
AL1 29.1 77 2.20 12.8 
AL2 2.5 37 2.61 28.7 
AL3 0.4 37 5.44 54.2 
AL4 30.0 70 3.14 25.4 
AN1 2.0 70 3.11 11.6 
AN2 3.8 8 2.12 24.7 
AN3 2.7 3 2.09 26.3 
AN4 43.8 82 2.71 7.8 
DM1 2.7 65 3.29 9.7 
DM2 7.8 64 2.92 24.4 
DM3 21.6 67 2.13 17.2 
DM4 57.3 78 4.95 23.4 
GH 7.6 77 0.96 3.0 
GJ 113.6 79 0.74 4.4 
GW 250.4 59 4.01 11.1 
JO1 121.0 60 1.18 8.9 
JO2 0.2 73 2.53 6.9 
JO3 40.3 46 3.15 8.6 
JO4 40.5 84 1.18 8.1 
PB 8.9 80 1.30 4.8 
PH1 44.2 68 2.20 12.4 
PH2 34.6 71 2.54 20.0 
PH3 20.9 73 1.77 9.2 
PH4 6.1 76 2.05 6.7 
PS 258.8 90 0.37 3.4 
PW 1.8 76 0.49 4.6 
UB 428.6 67 0.53 4.2 
UG 17.9 85 0.60 3.6 
UP 572.6 74 0.63 2.5 
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APPENDIX E 
Table 1.  Values for invertebrate assemblage variables for each stream. 
Stream  Total density 
(individuals/m2) 
EPT density 
(individuals/m2) 
EPT taxon richness 
(number of taxa/0.45 m2) 
Percentage EPT 
individuals (%) 
AL1 1,351 401 3 29.7 
AL2 809 523 3 64.6 
AL3 1,529 486 3 31.8 
AL4 872 4 1 0.5 
AN1 718 126 3 17.6 
AN2 3,734 364 5 9.8 
AN3 4,490 1,855 6 41.3 
AN4 1,685 0 0 0 
DM1 551 119 2 21.6 
DM2 1,221 13 2 1.1 
DM3 1,600 0 0 0 
DM4 1,120 91 2 8.1 
GH 128 29 2 22.6 
GJ 1,037 109 2 10.5 
GW 2,702 1,096 3 40.6 
JO1 2,863 41 3 1.4 
JO2 93 0 0 0 
JO3 707 379 3 53.6 
JO4 1,188 88 3 7.4 
PB 116 20 2 17.2 
PH1 713 27 2 3.7 
PH2 986 273 3 27.7 
PH3 681 142 2 20.8 
PH4 692 251 2 36.3 
PS 858 0 0 0 
PW 66 7 2 10.1 
UB 916 0 0 0 
UG 433 2 1 0.5 
UP 1,326 0 0 0 
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Table 1. (continued) 
Stream  Total biomass 
(g AFDW/m2) 
Invertebrate taxon richness 
(number of taxa/0.45 m2) 
AL1 0.265 11 
AL2 0.238 12 
AL3 0.139 9 
AL4 0.139 6 
AN1 0.093 11 
AN2 0.453 14 
AN3 1.024 15 
AN4 0.666 8 
DM1 0.022 7 
DM2 0.035 5 
DM3 0.181 6 
DM4 0.100 9 
GH 0.035 9 
GJ 0.353 11 
GW 0.488 9 
JO1 0.392 13 
JO2 0.006 3 
JO3 0.046 7 
JO4 0.363 10 
PB 0.010 7 
PH1 0.078 9 
PH2 0.298 11 
PH3 0.054 8 
PH4 0.222 9 
PS 0.486 6 
PW 0.007 9 
UB 0.671 7 
UG 0.089 5 
UP 0.231 11 
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APPENDIX F 
Table 1.  Invertebrate taxon densities (individuals/m2) in study streams. 
Stream  Nemata density Lymnaeidae 
density 
Physidae 
density 
Planorbidae density Pisidiidae density 
AL1 0 16 23 0 0 
AL2 20 0 2 0 0 
AL3 33 0 0 32 140 
AL4 43 0 0 0 71 
AN1 16 0 4 4 34 
AN2 363 0 0 0 112 
AN3 41 0 0 0 0 
AN4 4 2 9 131 0 
DM1 0 0 0 0 2 
DM2 0 0 0 0 18 
DM3 116 0 0 0 586 
DM4 32 0 0 0 32 
GH 16 0 2 0 0 
GJ 0 0 16 0 32 
GW 0 0 0 2 16 
JO1 31 0 32 2 253 
JO2 57 0 0 0 0 
JO3 0 0 16 0 0 
JO4 107 0 71 0 82 
PB 0 0 2 0 0 
PH1 32 2 0 2 13 
PH2 48 2 0 0 48 
PH3 9 0 0 0 0 
PH4 0 2 2 0 0 
PS 0 0 0 0 4 
PW 16 16 0 0 0 
UB 2 0 18 0 0 
UG 0 0 0 0 0 
UP 0 2 80 16 660 
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Table 1. (continued) 
Stream  Oligochaeta density Euhirudinea 
density 
Acariformes 
density 
Baetidae density Heptageniidae 
density 
AL1 324 0 0 274 0 
AL2 59 2 0 376 0 
AL3 150 0 0 414 0 
AL4 516 0 0 4 0 
AN1 162 0 0 104 0 
AN2 344 16 16 48 0 
AN3 2 2 16 598 25 
AN4 1,423 0 16 0 0 
DM1 316 0 34 117 0 
DM2 129 0 0 2 0 
DM3 667 4 0 0 0 
DM4 744 2 0 75 0 
GH 29 2 0 18 0 
GJ 453 0 0 70 0 
GW 47 0 0 110 0 
JO1 1,173 0 0 7 0 
JO2 4 0 0 0 0 
JO3 86 0 0 350 0 
JO4 257 0 0 11 0 
PB 20 0 0 4 0 
PH1 548 0 0 24 0 
PH2 273 0 16 144 0 
PH3 213 0 0 85 0 
PH4 59 0 0 57 0 
PS 245 0 0 0 0 
PW 16 0 0 4 0 
UB 153 0 0 0 0 
UG 60 0 0 0 0 
UP 74 0 16 0 0 
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Table 1. (continued) 
Stream  Leptohyphidae 
density 
Aeshnidae density Libellulidae 
density 
Lestidae density Helicopsychidae 
density 
AL1 0 0 2 0 0 
AL2 0 0 0 0 0 
AL3 0 0 0 0 0 
AL4 0 0 0 0 0 
AN1 0 0 0 0 16 
AN2 0 0 0 0 50 
AN3 2 0 0 0 0 
AN4 0 0 0 0 0 
DM1 0 0 0 0 0 
DM2 0 0 0 0 0 
DM3 0 0 0 0 0 
DM4 0 0 0 0 0 
GH 0 0 0 0 0 
GJ 0 0 0 0 0 
GW 0 0 0 0 0 
JO1 0 0 0 0 0 
JO2 0 0 0 0 0 
JO3 0 0 0 0 0 
JO4 0 0 0 2 0 
PB 0 0 0 0 0 
PH1 0 0 0 0 0 
PH2 0 0 0 0 0 
PH3 0 0 0 0 0 
PH4 0 0 0 0 0 
PS 0 0 0 0 0 
PW 0 0 0 0 0 
UB 0 0 0 0 0 
UG 0 0 0 0 0 
UP 0 2 0 0 0 
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Table 1. (continued) 
Stream  Hydropsychidae 
density 
Hydroptilidae 
density 
Leptoceridae 
density 
Limnephilidae 
density 
Polycentropodidae 
density 
AL1 95 32 0 0 0 
AL2 115 32 0 0 0 
AL3 47 25 0 0 0 
AL4 0 0 0 0 0 
AN1 7 0 0 0 0 
AN2 77 141 48 0 0 
AN3 1,187 40 2 0 0 
AN4 0 0 0 0 0 
DM1 2 0 0 0 0 
DM2 11 0 0 0 0 
DM3 0 0 0 0 0 
DM4 16 0 0 0 0 
GH 11 0 0 0 0 
GJ 39 0 0 0 0 
GW 984 0 0 0 0 
JO1 18 0 0 0 16 
JO2 0 0 0 0 0 
JO3 4 25 0 0 0 
JO4 71 0 0 7 0 
PB 16 0 0 0 0 
PH1 2 0 0 0 0 
PH2 111 18 0 0 0 
PH3 56 0 0 0 0 
PH4 194 0 0 0 0 
PS 0 0 0 0 0 
PW 2 0 0 0 0 
UB 0 0 0 0 0 
UG 2 0 0 0 0 
UP 0 0 0 0 0 
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Table 1. (continued) 
Stream  Dytiscidae density Elmidae density Hydrophilidae 
density 
Ceratopogonidae 
density 
Chironomidae 
density 
AL1 0 0 0 0 552 
AL2 0 0 0 0 132 
AL3 0 0 0 0 618 
AL4 0 0 0 0 231 
AN1 0 0 0 0 306 
AN2 0 0 0 0 2,453 
AN3 0 2 0 0 2,370 
AN4 0 0 0 0 89 
DM1 0 0 0 0 77 
DM2 0 0 0 0 1,060 
DM3 0 0 0 0 224 
DM4 0 0 0 0 212 
GH 0 0 0 0 29 
GJ 7 0 0 0 292 
GW 0 0 0 0 834 
JO1 0 0 0 0 1,278 
JO2 0 0 0 0 32 
JO3 0 0 0 0 210 
JO4 0 0 0 0 549 
PB 0 0 0 0 58 
PH1 0 0 0 0 87 
PH2 0 0 0 0 240 
PH3 0 0 0 0 235 
PH4 0 0 0 0 100 
PS 2 0 2 0 537 
PW 2 0 0 0 2 
UB 0 0 0 0 731 
UG 0 0 0 0 357 
UP 0 0 0 16 451 
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Table 1. (continued) 
Stream  Simuliidae density Tipulidae density Perlidae 
density 
Amphipoda density Decapoda density 
AL1 29 2 0 2 0 
AL2 59 4 0 0 2 
AL3 69 0 0 0 0 
AL4 0 7 0 0 0 
AN1 61 0 0 0 0 
AN2 54 0 0 7 0 
AN3 154 0 0 0 0 
AN4 0 0 0 0 0 
DM1 0 0 0 2 0 
DM2 0 0 0 0 0 
DM3 0 0 0 0 0 
DM4 0 2 0 0 0 
GH 16 4 0 0 0 
GJ 32 65 0 16 0 
GW 704 2 2 0 0 
JO1 43 4 0 2 2 
JO2 0 0 0 0 0 
JO3 0 0 0 0 0 
JO4 32 0 0 0 0 
PB 13 2 0 0 0 
PH1 0 2 0 0 0 
PH2 68 18 0 0 0 
PH3 78 2 0 0 0 
PH4 264 7 0 0 0 
PS 0 67 0 0 0 
PW 4 2 0 0 0 
UB 7 2 0 2 0 
UG 0 7 0 7 0 
UP 4 4 0 0 0 
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Table 1. (continued) 
Stream  Turbellaria density 
AL1 0 
AL2 0 
AL3 0 
AL4 0 
AN1 0 
AN2 4 
AN3 27 
AN4 11 
DM1 0 
DM2 0 
DM3 2 
DM4 4 
GH 0 
GJ 0 
GW 0 
JO1 0 
JO2 0 
JO3 0 
JO4 0 
PB 0 
PH1 0 
PH2 0 
PH3 0 
PH4 7 
PS 0 
PW 0 
UB 0 
UG 0 
UP 0 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
APPENDIX G 
Table 1.  Regression statistics for causal relationships from Model 1 and Model 2 analyzed with path analysis.  Variables and p-values in bold indicate 
statistically significant relationships (p ≤ 0.05).  
Model 1       
Dependent variable Independent variable Coefficient SE p-value Model adjusted R2 Model p-value 
Percent IS Intercept 0.21 0.06    
 Population density 0.12 0.03 <0.01 0.35 <0.01 
 
Discharge Intercept 1.40 0.56    
 Percent IS -0.94 0.81 0.26   
 Watershed area 0.87 0.11 <0.01 0.75 <0.01 
       
Conductivity Intercept 6.47 0.10    
 Percent IS 0.74 0.21 <0.01   
 Discharge -0.08 0.03 0.02 0.30 <0.01 
       
Coarse substrate Intercept 0.76 0.10    
 Discharge -0.01 0.03 0.87 -0.04 0.87 
       
%EPT Intercept 1.57 0.95    
 Discharge 0.55 0.14 <0.01   
 Coarse substrate 0.10 0.02 <0.01   
 Conductivity -0.29 0.14 0.06 0.55 <0.01 
Model 2       
% Cultivated Intercept 0.35 0.10    
 Population density -0.06 0.05 0.23 0.02 0.23 
 
Discharge Intercept -0.84 0.39    
 % Cultivated 1.14 0.52 0.04   
 Watershed area 0.70 0.09 <0.01 0.78 <0.01 
       
Total nitrogen Intercept 0.58 0.17    
 Population density 0.11 0.08 0.17   
 % Cultivated 0.54 0.35 0.13   
 Discharge 0.10 0.07 0.15 0.31 <0.01 
       
Coarse substrate Intercept 0.76 0.10    
 Discharge -0.01 0.03 0.87 -0.04 0.87 
       
 
 
Table 1. (continued)  
Model 2       
Dependent variable Independent variable Coefficient SE p-value Model adjusted R2 Model p-value 
Taxon richness Intercept 1.96 0.25    
 Discharge 0.11 0.05 0.05   
 Coarse substrate 0.31 0.24 0.22   
 Total nitrogen -0.29 0.16 0.08 0.11 0.12 
 
 
